Posttraumatic stress disorder (PTSD) is a chronic, debilitating condition for which effective medications are scant and little is known about neural correlates of risk versus resilience. Oxytocin is a hypothalamic neuropeptide that has demonstrated promise in modulating neurobiological and behavioral correlates of PTSD. Cognitive deficits in areas such as working memory and executive control are highly prevalent among individuals with PTSD and oxytocin might modulate these impairments in individuals with PTSD. Using a double-blind, placebo-controlled design, this study employed functional MRI (fMRI) and the n-back working memory task to examine the effects of oxytocin (24 IU) versus placebo on working memory and dorsolateral prefrontal cortex (DLPFC) connectivity among individuals with PTSD (n ϭ 16) as compared with a trauma-exposed control group (n ϭ 18). Results indicate that individuals with PTSD on oxytocin performed better in the 2-back condition of the n-back task compared with individuals with PTSD on placebo. Results also indicate that connectivity between DLPFC and anterior cingulate increased in the 2-back condition among individuals with PTSD on oxytocin as compared with placebo. These findings provide preliminary evidence of an effect of oxytocin on working memory among individuals with PTSD and insights into the neurobiological mechanisms underlying this association. Future studies are necessary to understand the mechanisms responsible for working memory deficits in PTSD and to examine the potential of oxytocin for use as a treatment for PTSD.
behavioral interventions have demonstrated efficacy in the treatment of PTSD. However, there remains a scarcity of effective pharmacological treatments available (Jonas et al., 2013; The Management of Posttraumatic Stress Disorder Work Group, 2017) . Thus, developing more effective pharmacologic treatment options for PTSD is a significant priority (Ipser & Stein, 2012; Sofuoglu, Rosenheck, & Petrakis, 2014) .
Abundant literature demonstrates that one problematic area of PTSD symptomatology, and a potential target for PTSD intervention development, is executive functioning (Aupperle, Melrose, Stein, & Paulus, 2012; Polak, Witteveen, Reitsma, & Olff, 2012; Woon, Farrer, Braman, Mabey, & Hedges, 2017) . Childhood trauma in particular is known to result in problematic neurobiological changes that impair executive functioning (Kaufman, Plotsky, Nemeroff, & Charney, 2000; Majer, Nater, Lin, Capuron, & Reeves, 2010; Nemeroff, 2004; Philip et al., 2016) . Executive functioning impairments are associated with distress and functional problems including sleep disturbance, intrusive thoughts, and maladaptive rumination Bomyea, Stein, & Lang, 2015; Cox, Ebesutani, & Olatunji, 2016; Martindale, Morissette, Rowland, & Dolan, 2017) , all of which are known contributors to severely negative sequelae of PTSD, including suicidality . In addition, emerging literature suggests that executive functioning is both a prognostic indicator of PTSD treatment outcomes as well as a marker of successful symptom reduction (Haaland, Sadek, Keller, & Castillo, 2016; Scott et al., 2017; Walter, Palmieri, & Gunstad, 2010) . Working memory is among the most saliently impaired aspects of executive functioning in PTSD (Scott et al., 2015) . Thus, identifying pathways to improve elements of executive functioning such as working memory may be critical to reducing PTSD symptomatology.
Neural correlates of executive functioning and working memory, in particular, include the DLPFC, anterior cingulate, and inferior parietal cortex (Hartley & Speer, 2000) . These and other brain regions have been identified as necessary components for accurate rehearsal, maintenance, or manipulation of information in working memory (Barbey, Koenigs, & Grafman, 2013; Frank, Loughry, & O'Reilly, 2001; Schaefer et al., 2006) . Notably, one recent preliminary study of healthy adults compared with resilient adults exposed to childhood adversity found greater activation in the superior temporal gyrus/insula, left inferior parietal lobule, and middle temporal and parahippocampal gyrus during the n-back task among individuals with childhood adversity (Philip et al., 2016) . While the use of neuroimaging has expanded extensively in recent medication development efforts for PTSD, relatively few studies have examined neural mechanisms of risk and resiliency for PTSD (van der Werff, van den Berg, Pannekoek, Elzinga, & Van Der Wee, 2013) . This scarcity of knowledge might contribute to the limited pharmacological treatment options available for PTSD.
Examination of the neuropeptide oxytocin for the prevention and treatment of PTSD has expanded tremendously in recent years with promising findings Olff, Langeland, Witteveen, & Denys, 2010; van Zuiden et al., 2017) . Preclinical and clinical research shows that oxytocin has anxiolytic effects (K. MacDonald & MacDonald, 2010; Missig, Ayers, Schulkin, & Rosen, 2010) and attenuates anxiety and fear responses even among individuals with anxiety and PTSD (Acheson et al., 2013; Eckstein et al., 2015; Frijling et al., 2014) . Recent literature has demonstrated that oxytocin might attenuate neurobiological underpinnings of PTSD (Flanagan, Baker, McRae-Clark, Brady, & Moran-Santa Maria, 2015; Koch et al., 2016; Nawijn et al., 2017) . Oxytocin may also enhance behavioral PTSD treatment (Flanagan, Sippel, Wahlquist, Moran-Santa Maria, & Back, 2018) and prevent PTSD . Furthermore, research indicates that dysregulation of the corticolimbic brain circuitry is centrally involved in the pathophysiology of PTSD (Bethlehem, van Honk, Auyeung, & Baron-Cohen, 2013; Brown et al., 2014; Stevens et al., 2013) and recent neuroimaging studies show that oxytocin might modulate connectivity networks with compromised function in PTSD (Bethlehem et al., 2013; Cohen et al., 2010; Dodhia et al., 2014; Frijling et al., 2016; Kirsch et al., 2005; Koch et al., 2016) . A growing number of previous studies have examined neural correlates of working memory, specifically among individuals with PTSD (Honzel, Justus, & Swick, 2014; McDermott et al., 2016; Tian et al., 2014) , and many clinical studies have found desired effects of oxytocin on behavioral and neural factors associated with executive function among individuals with PTSD, such as social memory and fear extinction and recall (Acheson et al., 2013; Guzmán et al., 2014) . However, the only studies that have examined the effects of oxytocin on working memory specifically have focused on individuals with schizophrenia (Feifel, MacDonald, Cobb, & Minassian, 2012; Michalopoulou et al., 2015) .
This preliminary study addresses several gaps in the literature examining oxytocin and PTSD. First, no clinical studies to our knowledge have directly examined the effects of oxytocin on working memory performance among individuals with PTSD, nor have any studies examined neural correlates of these potential effects. In particular, no studies, to our knowledge, have examined modulation of functional connectivity by oxytocin in a working memory task in PTSD or trauma exposure. Most of the existing relevant studies have used resting state fMRI with the amygdala as a seed region or region of interest (Dodhia et al., 2014; Koch et al., 2016) . Two of these studies showed enhanced coupling between the amygdala and various prefrontal regions on oxytocin (compared with placebo) but this only occurred for males in the Dodhia et al. (2014 ) study. Frijling et al. (2016 reported reduced amygdala-prefrontal connectivity on oxytocin, but this was assessed using resting-state fMRI following trauma scripts. These mixed findings necessitate additional research on the effects of oxytocin on modulating functional connectivity in PTSD.
In addition, the present study employs a trauma-exposed control group (i.e., a group of individuals who experienced an event or events prior to age 18 that met the Diagnostic and Statistical Manual of Mental Disorders; 4th ed.; DSM-IV; American Psychiatric Association [APA] , 1994, definition of Criterion A, but did not develop PTSD) rather than a group of healthy controls, which enables us to differentiate working memory function between these two groups and to examine oxytocin's ability to mitigate this risk factor. It is important to utilize a trauma-exposed control group because while it is estimated that at least half of the population will experience a potentially traumatic event in their life, less than 20% of those individuals will meet the diagnostic criteria for PTSD (Kessler, Sonnega, Bromet, Hughes, & Nelson, 1995) . Thus, identifying factors that differentiate individuals who develop PTSD from those who are exposed to trauma but do not develop This document is copyrighted by the American Psychological Association or one of its allied publishers.
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PTSD is critical to identify and target prevention and intervention efforts (Highland et al., 2015; Nievergelt et al., 2015; Pietrzak et al., 2010; Seal et al., 2009) . Using a double-blind, placebo-controlled design, this study employed (fMRI and the n-back working memory task to examine the effects of a single dose of intranasal oxytocin (24 IU) versus placebo on (a) working memory performance, and (b) executive control system function (i.e., DLPFC connectivity) during the working memory task among individuals with PTSD (n ϭ 16) as compared with a trauma-exposed control group (n ϭ 18). Given the important role of the DLPFC in working memory, this region served as the seed region in a functional connectivity analysis. The analysis focused on connectivity between the DLPFC and two regions of interest: the left inferior parietal cortex and the anterior cingulate cortex. Both of these regions are recruited specifically in 2-back working memory tasks (Lenartowicz & McIntosh, 2005) . In addition, oxytocin receptors have been reported in the anterior cingulate cortex in humans (Boccia, Petrusz, Suzuki, Marson, & Pedersen, 2013) . We expected that participants in the PTSD group might exhibit poorer working memory compared with participants in the trauma-exposed control group. We also hypothesized that oxytocin will improve working memory function and increase DLPFC connectivity with the other two components of the working memory network (inferior parietal and anterior cingulate cortex) in PTSD patients compared with a trauma-exposed control group.
Method Participants
Thirty-eight individuals who responded to local media advertisements enrolled in the larger human laboratory study used a within-subjects crossover design to examine the effects of oxytocin on amygdala reactivity to negative emotional cues between individuals with PTSD resulting from childhood trauma versus individuals who had childhood trauma exposure but did not develop PTSD. Four participants (three women in the PTSD group and one woman from the trauma-exposed control group) were omitted from analyses based on poor quality of structural or functional images. Thus, our final sample was comprised of 34 individuals. Inclusion criteria for all study participants included (a) scores of moderate to severe (Ͼ3) on a minimum of one of the five trauma domains of the Childhood Trauma Questionnaire (Bernstein et al., 2003) , and (b) experiencing, witnessing, or confronting an event(s) that involved actual or threatened death or serious injury, or a threat to the physical integrity of themselves, or others, and the person's response involved intense fear, helplessness, and/or horror (i.e., Criterion A DSM-IV for PTSD), prior to the age of 18. Sixteen participants (7 women; 9 men) comprised the PTSD group while 18 participants (11 women; 7 men) comprised the trauma-exposed control group. Participants in the PTSD group and those in the trauma-exposed control group were matched on age, education, and smoking status.
Exclusion criteria included (a) pregnancy, breastfeeding, or ineffective means of birth control; (b) evidence of or a history of head trauma, neurological disorders, seizures, unconsciousness; (c) current psychotic bipolar disorder; (d) past 30-day illicit drug use as evidenced by subject report and urine drug screen on the day of the fMRI scan; (e) unwillingness or inability to maintain abstinence from alcohol for 24 hr and illicit drugs for 72 hr prior to the study visits; (f) ferrous metal implants/pacemaker; (g) claustrophobia; and (h) history of or current significant hematological, endocrine, cardiovascular, pulmonary, renal, gastrointestinal diseases. Consistent with existing literature, use of hormonal birth control was assessed among women (Scheele, Plota, StoffelWagner, Maier, & Hurlemann, 2016) .
Procedures
Participants completed institutional review board-approved written informed consent on Day 1 of the larger human laboratory study, before any study procedures occurred. Participation in the larger study lasted approximately two weeks and included a screening visit, questionnaires, a physical examination, a urine pregnancy test for women, and two scanning visits on two consecutive days. Participants were randomly assigned in a doubleblind manner to receive either oxytocin or placebo on Days 1 and 2 in a counterbalanced fashion. The n-back task, analyzed in the current study, was completed only on Day 2. Thus, the manipulation of oxytocin versus placebo was cross-sectional for the present analyses.
Measures
Inclusion and exclusion criteria, including PTSD diagnosis, were determined by the Mini-International Neuropsychiatric Interview (MINI; Sheehan et al., 1998) and the substance use module of the Structured Clinical Interview for DSM-IV (First, Spitzer, Gibbon, Williams, & Benjamin, 1994) . Participants completed these diagnostic interviews prior to completing the remaining interviews and self-report assessments and all other study procedures.
PTSD symptom severity was evaluated using the Clinician Administered PTSD Scale (CAPS; Blake et al., 1995) for the first eight participants enrolled in the study (3 participants in the PTSD group; 5 participants in the trauma-exposed control group) and by the Posttraumatic Diagnostic Scale (PDS; Foa, Cashman, Jaycox, & Perry, 1997) for all remaining participants. The CAPS is a standardized structured clinical interview that indexes past-month PTSD diagnostic status and provides a continuous measure of PTSD symptom severity consistent with DSM-IV diagnostic criteria (APA, 1994). The PDS is a self-report measure comprised of 49 items that yield a total PTSD symptom severity score in the past 30 days. Childhood trauma was established as a Criterion A event by interviewers. CAPS interviews were linked to participants' index trauma consistent with standardized procedures and participants who completed the PDS were instructed to reference their index event when responding to questions. CAPS and PDS scores are reported here in order to characterize the sample, but were not included in any study analyses.
Severity of childhood trauma exposure was assessed using the Childhood Trauma Questionnaire (Bernstein et al., 2003) . The CTQ is a 25-item self-report questionnaire comprised of five domains of childhood abuse and neglect: sexual abuse, physical abuse, emotional abuse, emotional neglect, and physical neglect. Responses are rated on a 5-point scale from 1 (never true) to 5 (very often true) and summed to obtain a total score in addition to total scores of each subscale. This document is copyrighted by the American Psychological Association or one of its allied publishers.
Medication Administration
The dose of intranasal oxytocin used in this study (24 IU) was chosen based on previous literature examining the effect of acute oxytocin administration on neural circuitry where dosages of 24 and 27 IU were given (Domes et al., 2007 (Domes et al., , 2010 Kirsch et al., 2005) . The research pharmacy at the principal investigator's home institution compounded the oxytocin and placebo (saline) nasal sprays and was responsible for treatment randomization. Under the supervision of the research staff, participants self-administered their medication approximately 45 min prior to the scanning session.
Working Memory Task
The n-back task required participants to focus on a set of serially presented letters on a screen and to respond using an MRIcompatible button box. The 0-back condition was used as a control condition, where participants indicated the presence of the letter "X" by pressing the button under their index finger; otherwise, they pressed the button under their middle finger. The 1-back condition required a button press with the index finger when the same letter was repeated in sequence; otherwise, participants pressed the button under the middle finger. The 2-back condition required a button press with the index finger when a letter matched the letter presented before the prior letter; otherwise, participants pressed the button under the middle finger. The participants were given instructions for completing the task and were allowed to practice prior to beginning the task in the MRI scanner to ensure they understood the task design.
Participants completed a single functional run of the n-back task, with 12 task blocks and 4 rest blocks. Three task blocks, with a counterbalanced order of 0-, 1-and 2-back conditions, were followed by a rest block lasting 30 s and this sequence was repeated four times. The initial rest block lasted 24 s. Each task block lasted 30 s and was preceded by a 5-s display of the n-back condition (0, 1, or 2) to be completed for that block. Each task block presented a sequence of 20 letters with a blank screen between each letter. Each letter was shown for 0.5 seconds and each blank screen was shown for 1 s. During rest blocks, participants were presented with a black screen with three white asterisks.
fMRI Data Acquisition
Images were acquired on a Siemens 3T Trio MRI system (Erlangen, Germany). Scanning included a 533 volume wholebrain functional scan (gradient echo planar imaging; echo time (TE) ϭ 18 ms, repetition time (TR) ϭ 1,000 ms, flip angle ϭ 70°, field-of-view (FOV) ϭ 20.0 cm ϫ 20.0 cm, in-plane resolution of 3.125 mm ϫ 3.125 mm, interleaved acquisition of 16 axial contiguous 5.0-mm slices) and a T1-weighted anatomical scan (magnetization-prepared rapid gradient-echo [MPRAGE] ; TE ϭ 18 ms, TR ϭ 1,000 ms, Tl ϭ 16 contiguous sagittal 5.0-mm thick slices). Field map information (to correct geometric distortions caused by static-field inhomogeneity) was also collected. E-Prime software (2012, Version 1) running on a Windows computer connected to the MR scanner presented visual stimuli and recorded the time of each MR pulse, visual stimulus onset, and behavioral responses.
fMRI Data Preprocessing
Preprocessing and statistical analysis were conducted using FSL (v. 4.1.7, FMRIB, Oxford University, Oxford, UK). After brain extraction (BET) of the high-resolution MPRAGE image and gradient field map magnitude image, individual participant data were preprocessed using standardized preprocessing steps: head motion correction (using MCFLIRT), geometric distortion correction (using FUGUE), slice timing correction, spatial normalization/ registration (12-parameter affine transformation to the Montreal Neurological Institute [MNI] template), temporal high-pass filtering (cutoff ϭ 120 s), and spatial smoothing (full width at half maximum ϭ 7 mm). The MNI brain template was used to normalize brain images. Statistical analyses were then performed at the single-subject level (FEAT v. 5.98) . Each subject's scan was modeled with three explanatory variables (EVs; 0-back, 1-back, 2-back) convolved with a double gamma hemodynamic response function, and a temporal derivative. Resting blocks and the 5-s block indicating the n-back condition were not explicitly modeled. In addition to including six head motion parameters (three translational, three rotational) as confound EVs, we also identified outliers using "fsl_motion_outliers" which creates vectors of time points associated with excessive head motion using root-meansquared error. Following preprocessing, two types of statistical analysis were conducted: (a) a general linear model (GLM) analysis to examine fMRI signal magnitude changes as a function of n-back level, and (b) psychophysiological interaction (PPI) modeling (Friston et al., 1997) to examine functional connectivity changes as a function of working memory load.
GLM Analysis
A group-level whole-brain voxel-wise analysis using mixed effects analysis (FLAME 1) was conducted. The main contrast of interest was the 2-back versus baseline condition to isolate activation specific to the most demanding working memory load in this study. Statistical maps were thresholded using cluster correction (Z Ͼ 2.58, p ϭ .05).
Psychophysiological Interaction Analysis
Results from the GLM analysis were used to define a seed region in the left DLPFC, which is commonly activated in verbal working memory tasks. Using the GLM results to select a seed region ensured that the region was recruited for working memory in this sample. The DLPFC seed region was defined as a 10-mm sphere centered on the coordinates: Ϫ42, ϩ24, ϩ29. The time series for each subject was extracted in the seed region using "fslmeants." The PPI analysis examined the interaction of the three EVs associated with the 0-, 1-, and 2-back conditions with the physiological regressor (the DLPFC time series), and the six head motion parameters and motion outlier EVs as nuisance variables.
Regions of Interest Analysis
Two regions of interest (ROIs) were the primary focus of this study: the anterior cingulate and the left inferior parietal cortex. These regions were chosen based on prior literature identifying them as key regions in working memory function (Baldo & Dronkers, 2006; Lenartowicz & McIntosh, 2005) . ROIs were This document is copyrighted by the American Psychological Association or one of its allied publishers.
represented by 10-mm spheres centered on (0, ϩ38, ϩ8) for the anterior cingulate and on (Ϫ50, Ϫ32, ϩ38) for the left inferior parietal cortex. The location of the spheres was based on anatomical criteria such that the automated anatomical labeling (TzourioMazoyer et al., 2002) atlas yielded labels for MNI coordinates that were consistent with "anterior cingulate cortex" and "inferior parietal cortex." The two ROIs were used only for the PPI analysis. "featquery" was used to extract the parameter estimates for each of the 3 interaction terms (0, 1, 2-Back Conditions ϫ DLPFC Physiological Regressor) from the PPI analysis, with parameter estimates converted into percent signal change. Connectivity parameter estimates were analyzed using three-way mixed analysis of variance (ANOVA), consisting of group (PTSD, trauma-exposed control) as a between-subjects variable, drug (oxytocin, placebo) manipulated between subjects, and working memory load (0-back, 1-back, 2-back) manipulated within subjects.
Analysis of Working Memory Performance
The primary outcome variable for assessing n-back performance was the percent error for participants during the three n-back conditions. Due to a programming error, responses made after 500 ms were not recorded in E-Prime. This led to a high rate of missing values (M ϭ 57%). However, a three-way ANOVA revealed no effect of drug, F(1, 33) ϭ 1.89, p ϭ .18) or subject group F(1, 33) ϭ. 22, p ϭ .64) or the interaction of drug and subject group, F(1, 33) ϭ .13, p ϭ .72 on percent of missing responses. Because there is no way of knowing if those missing values were due to a late response not being recorded or a participant not making a response at all, these missing values were not counted as errors and only the responses recorded within the 500-ms time window were used to calculate error rate.
Results

Demographics and Clinical Characteristics
Sample demographic and clinical characteristics are presented in Table 1 . Participants in the PTSD group and those in the trauma-exposed control group were matched on age and education. As expected, participants in the PTSD group reported higher levels of childhood trauma, greater PTSD symptom frequency and severity, and lower stress coping ability. No differences in sex or race emerged. Figure 1 shows the effect of working memory load (0-back, 1-back, 2-back) on percentage of errors for each Group ϫ Drug condition. The three-way ANOVA revealed that the main effect of memory load was significant, F(2, 60) ϭ 8.7, p ϭ .0001 and participants in the PTSD group performed worse than participants in the control group, F(1, 30) ϭ 5.07, p ϭ .032. The Group ϫ Memory Load interaction was also significant, F(2, 60) ϭ 3.39 p ϭ .04. As shown in Figure 1 , the memory load effect was more pronounced for participants in the PTSD group. To explore whether oxytocin improves performance in the PTSD group, as suggested in Figure 1 , an independent-samples t test was conducted only for the 2-back condition comparing the PTSD and trauma-exposed groups in the oxytocin and placebo conditions separately. Results indicate that PTSD participants on placebo performed worse than trauma-exposed controls on placebo, t(13) ϭ 2.54, p ϭ .025, but PTSD participants on oxytocin did not perform differently than trauma-exposed controls on oxytocin in the 2-back condition, t(17) ϭ .57, p ϭ .58. The three-way interaction was not significant, F(2, 32) ϭ .13, p ϭ .72. 
Working Memory Performance
Head Motion
GLM
The GLM analysis (Table 2) revealed extensive activation at a cluster-corrected threshold (Z ϭ 3.1, p ϭ .05) for each of the Note. Statistically significant at the p Ͻ .05 level. DSM-IV PTSD diagnostic status was established using the MINI Neuropsychiatric Psychiatric Interview. PTSD ϭ posttraumatic stress disorder; CTQ ϭ Childhood Trauma Questionnaire; PDS ϭ Posttraumatic Diagnostic Scale; CAPS ϭ Clinician Administered PTSD Scale. This document is copyrighted by the American Psychological Association or one of its allied publishers.
n-back conditions versus baseline. As shown in Figure 2 , activation was more extensive for the 1-back and 2-back conditions, but all three conditions show activation in the inferior parietal cortex. One-and 2-back conditions show activation in the canonical working memory network, including DLPFC. The seed region selected for the PPI analysis is shown as a green sphere in Figure  2 , which demonstrates that the left DLPFC is involved in this verbal working memory task, particularly for the 1-back and 2-back conditions. Activation for 2-versus 0-back did not survive the cluster-corrected threshold of Z ϭ 3.1.
Region of Interest
As shown in Figure 3 , left DLPFC-anterior cingulate connectivity is mostly negative (i.e., negatively correlated). However, oxytocin was associated with reduced negative connectivity and increased positive connectivity in the most difficult 2-back condition. Controls show a change from very negative values on placebo to less negative values on oxytocin, whereas PTSD subjects show a shift from negative to positive connectivity values in the 2-back condition. Supporting these trends, the main effect of drug was significant, F(1, 30) ϭ 4.7, p ϭ .04 with connectivity on oxytocin (M ϭ Ϫ.01) being less negative than on placebo (M ϭ Ϫ.59). In addition, oxytocin had the greatest effect in the most difficult 2-back condition among participants in the PTSD group. An independent-samples t test confirmed that 2-back connectivity was indeed higher on oxytocin (M ϭ .70) than on placebo (M ϭ Ϫ.52) among participants in the PTSD group, t(14) ϭ 2.7, p ϭ .02. Although the three-way interaction of drug, group, and n-back condition was not significant, the two-way Group ϫ N-Back condition interaction was significant, F(2, 60) ϭ 4.29 p ϭ .023. This interaction is mostly explained by the increased connectivity on oxytocin in the PTSD group for the 2-back condition. A Group ϫ Drug ANOVA was conducted for the 2-versus 0-back parameter estimate. The main effect of group was significant, F(1, 30) ϭ 5.5, p ϭ .025, with the PTSD group showing positive connectivity (M ϭ .43, SD ϭ 1.14) and the trauma-exposed group showing negative connectivity (M ϭ Ϫ.57, SD ϭ 1.37). Neither the main effect of drug nor the Group ϫ Drug interaction was significant for the 2-versus 0-back parameter estimate. Importantly, percent of missing values from the error data was not correlated with the PPI parameter estimate value for any n-back condition (0-back: ϭ Ϫ.035, p ϭ .84; 1-back: ϭ .21, p ϭ .23; 2-back: ϭ .20, p ϭ .25; 2 v 0 back: ϭ .18, p ϭ .31), which demonstrates that the PPI results are not related to the missing data. The ANOVA that assessed inferior parietal-DLPFC connectivity as a function of group, drug, and n-back condition revealed no main effects or interactions.
Discussion
Consistent with previous research, findings from this preliminary study indicate that individuals with PTSD associated with childhood trauma performed worse on the n-back working memory task compared with a trauma-exposed control group comprised of individuals who were exposed to potentially traumatic events This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
during childhood but did not develop PTSD (Schuitevoerder et al., 2013; Vasterling et al., 2002) . Findings also indicate that a single dose of intranasal oxytocin, as compared with placebo, was associated with improved performance in the most difficult working memory task condition among participants in the PTSD group. We found that the working memory task activated the DLPFC and inferior parietal cortex (as well as other regions) and that connectivity between the left DLPFC and anterior cingulate was modulated by oxytocin such that oxytocin increased connectivity during the n-back task. This increased connectivity was most pronounced Figure 2 . Activation is shown during each of the three levels of the n-back working memory task versus baseline. Activation is significant at a cluster corrected threshold of z Ͼ 2.33, p ϭ .05. The green sphere is the region of interest in the left dorsolateral prefrontal cortex used as the seed region in the psychophysiological interaction analysis (Ϫ42, ϩ48, ϩ29). See the online article for the color version of this figure. Figure 3 . Left DLPFC-ACC connectivity as a function of N-back condition (0-, 1-and 2-back), drug (oxytocin, placebo) and group (controls, PTSD). Connectivity is expressed as the parameter estimate converted to % signal change. Connectivity on placebo was significantly different than on oxytocin for the PTSD group. Error bars are standard error of the mean. DLPFC ϭ dorsolateral prefrontal cortex; ACC ϭ anterior cingulate cortex. This document is copyrighted by the American Psychological Association or one of its allied publishers.
among participants in the PTSD group. These findings provide novel information in support of oxytocin improving executive functioning deficits among individuals with PTSD. This is also the first study to our knowledge to make a direct comparison of working memory performance and executive control system connectivity between individuals with PTSD related to childhood trauma and trauma-exposed control participants. Previous studies have examined the effects of oxytocin on executive functioning and social memory, but no studies have examined working memory performance specifically, nor have they done so among individuals with PTSD or trauma-exposed control participants. This study addressed another important gap in the literature by examining neural correlates of working memory performance in PTSD as well as oxytocin's effects on this outcome. Given the salient clinical relevance of the construct of working memory in the distress and functional impairment associated with PTSD and in PTSD treatment, these findings indicate a rationale to conduct a larger clinical trial closely examining the associations between these constructs. Specifically, a robust theoretical rationale exists to translate oxytocin in the treatment of PTSD Olff et al., 2010) . Thus, it is important to extend the limited literature that has examined the ability of oxytocin to prevent PTSD onset and enhance psychotherapy in the treatment of PTSD (Flanagan et al., 2018) . Our study underscores the importance of examining working memory as a possible additional outcome of interest in the therapeutic translation of oxytocin for the treatment and prevention of PTSD.
While this study provided some insight into the neurobiological response to oxytocin in individuals with PTSD, the underlying mechanism of oxytocin in working memory and executive control system connectivity deficits remains unknown. One of the main findings was that oxytocin reduced 2-back errors in the PTSD group. As illustrated in Figure 3 , neither control group demonstrated an increase in error rate between the 1-back and 2-back condition and the overall error rate was low. This suggests that when trauma-exposed control subjects made fast responses (within 500 ms), those responses were usually correct. This outcome did not occur with the PTSD group; fast responding was more error prone in participants with PTSD. Nevertheless, oxytocin reduced rate-limited errors in the most difficult n-back condition in the PTSD group. However, given that only 43% of the performance data could be analyzed for accuracy but fMRI activation and connectivity reflected all the cognitive processing engaged for the n-back task, caution should be taken in relating the fMRI findings to working memory performance. The accuracy data reflects only those cognitive processes that occur during the time window of a trial when the letter was displayed. Nevertheless, we speculate that oxytocin may modulate working memory performance and underlying neural circuitry in two ways.
First, oxytocin may exert a direct effect on cognitive processing by modulating response in regions involved in the executive control aspects of working memory. Some studies report that the anterior cingulate is associated with monitoring performance and response during working memory (A. W. MacDonald, Cohen, Stenger, & Carter, 2000) , and is likely involved in more complex executive function operations together with the DLPFC (ReuterLorenz et al., 2000) . These findings support the speculation that oxytocin has a direct effect on cognitive processing by increasing connectivity with the DLPFC (as demonstrated in the present study). Oxytocin receptors have indeed been found in the anterior cingulate in humans (Boccia et al., 2013) . Also, some studies that have used resting-state fMRI report negative connectivity between the anterior cingulate cortex and other brain regions in trauma exposed individuals (e.g., Cisler, 2017) or individuals with anxiety disorders on placebo (e.g., Dodhia et al., 2014) . Of note, Dodhia et al. (2014) reported that oxytocin enhanced resting state connectivity of the amygdala with the rostral, pregenual anterior cingulate/ medial PFC. On placebo, this connectivity was negative but on oxytocin this connectivity shifted to positive, similar to DLPFCanterior cingulate connectivity in the present study. However, increased coupling of the anterior cingulate with DLPFC response by oxytocin in the present study was not the "normative" response exhibited by trauma-exposed control participants in this sample, suggesting that recruitment of the anterior cingulate coupled with DLPFC may not necessarily reflect increased cognitive efficiency or performance monitoring. Trauma-exposed control participants in this study did not show the same coupling, yet they performed more the N-back tasks more efficiently compared with participants with PTSD.
Another possibility is that oxytocin's effects occur in other brain circuits thereby exerting a more indirect influence on working memory performance. For example, oxytocin might modulate neural circuitry associated with stress-related arousal. A reduction in hyperactivation of arousal or limbic and para-limbic circuitry (such as the anterior cingulate) may allow for more efficient cognitive processing in working memory. In a recent metaanalysis, De la Vega, Chang, Banich, Wager, and Yarkoni (2016) note that ventral aspects of the mPFC (which include the anterior cingulate ROI in the present study) are less involved in the cognitive aspects of working memory and more associated with affective processing and episodic memory. Also, Shaw et al. (2009) found that participants with PTSD recruited an additional working memory network including the anterior cingulate that they speculated was more related to hyperarousal and abnormal activity than to cognitive processing in PTSD. In the present study, it is possible that increased coupling between DLPFC and anterior cingulate was more related to cognitive control of arousal response than working memory related cognitive control. Future studies can help differentiate cognitive control of arousal response versus cognitive control in working memory by comparing connectivity in working memory tasks to connectivity using experimental paradigms that target arousal-related behaviors, self-reported PTSD hyperarousal symptoms, as well as trait characteristics such as impulsivity and aggression.
Limitations
Several limitations of the current study should be considered when interpreting these findings. The PDS replaced the CAPS assessment of PTSD symptom severity early in the study to reduce participant burden. While the MINI is a reliable and valid assessment of psychiatric disorders, utilizing the CAPS to assess PTSD diagnosis and symptom severity might have been a more valuable approach. The inconsistency in assessment also limits the interpretation of the current findings and they should be replicated in future studies using consistent assessment approaches. Relatedly, trauma symptom severity might influence oxytocin response as the This document is copyrighted by the American Psychological Association or one of its allied publishers.
existing literature is in conflict regarding oxytocin's effects on healthy versus more impaired individuals (Bartels, 2012) . Future studies can improve on the current design by recruiting a larger sample size and matching participant groups on the severity of trauma exposure. The relatively small sample size prevented us from explicitly examining sex differences in oxytocin response (Ditzen et al., 2013; Hoge et al., 2014; Lynn, Hoge, Fischer, Barrett, & Simon, 2014; Rilling et al., 2014) , although the similar distribution by sex within groups partially mitigates this concern. Larger studies can also examine moderators of oxytocin response overall or between participants in the PTSD group compared with the trauma-exposed control group. Future studies can also improve on the current design by utilizing a crossover design rather than the cross-sectional design employed here. It is possible that individuals may experience more stress on the first day of scanning because of the novel scanning environment, which could, in turn, impact performance during the first scanner exposure. Finally, while a 24-IU dose of intranasal oxytocin is commonly employed, single doses commonly range up to 60 IU and multiple daily doses of oxytocin are regarded as safe and feasible in the psychiatric literature, including among individuals with PTSD (Pedersen et al., 2011 van Zuiden et al., 2017) . A higher or repeated dose of oxytocin might have resulted in additional findings to explain the results gathered here.
Neuroimaging Limitations
While the n-back task captured working memory performance, accuracy results are limited to the cognitive processes that occur in the initial time window of 500 ms. We note that we did not analyze reaction time data for this reason. Importantly, the limited response window applied to all subjects, and analysis of percent of missing data showed no systematic group or treatment condition effects. Nevertheless, future studies that examine working memory in PTSD and trauma-exposed individuals are needed to determine whether the modulation of working memory performance by oxytocin in PTSD is limited to only the early cognitive processing engaged in this n-back task.
Conclusions
Improving working memory and executive control deficits might be a target in the development of pharmacologic treatment of PTSD. The findings from the present study suggest that oxytocin may be a viable candidate to modulate this and other neural and behavioral correlates of PTSD. Further studies are necessary to understand the underlying mechanisms responsible for deficits in working memory, and to determine the potential of oxytocin to inform the development of future therapeutic agents for individuals with PTSD.
